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Received 6 October 2010; revised 13 September 2011; accepted 11 October 2011AbstractThe effect of topography on moss vegetation is examined to clarify the processes that affect the colonization of polar deserts on
continental Antarctica. Data on the presence of the mosses Bryum pseudotriquetrum and Pottia heimii, and relative altitude were
recorded. The altitude measurements were used to infer the underlying topographical attributes of the substrate in the study plots.
Specifically, the local distribution of moss plants was clarified using the topographical attributes to construct generalized linear
mixed models (GLMMs). The models suggested that steep slopes and convex microhabitats within areas of concave general relief
(at the plot scale 4  4 m) promoted the establishment of moss. This correspondence to general relief was more apparent for B.
pseudotriquetrum than for P. heimii. Among the study plots, general relief was found to be an important determinant of the precise
spatial distribution of B. pseudotriquetrum. The standard surface estimated using the robust methods presented in this study is
shown to be more accurate for describing moss distribution than the prevailing least-squares method.
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Clarifying the effect of the microenvironment on the
colonization of bare ground by plants is essential
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doi:10.1016/j.polar.2011.10.001primarily determined by the nature of the growth
substrate (Crawley, 1985). This is particularly apparent
in regions with severe climates, where variations in
terrain and soil organic matter have a marked effect on
the establishment of vegetation.
In studies of plants in alpine regions and Arctic
polar deserts, the distribution of vascular plants has
commonly been evaluated using a variety of biotic
(e.g., the presence of algae, lichen, or mosses) and
abiotic (e.g., temperature, soil moisture, or wind
conditions) factors (e.g., Anderson and Bliss, 1998;reserved.
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their importance, the underlying controls on these
biotic factors have rarely been examined. Conse-
quently, in Antarctic polar deserts where algae, lichen,
and mosses are the dominant vegetation type, under-
standing the controls on their distribution and devel-
opment are critical to studies of plant colonization.
Okitsu et al. (2003) evaluated the life histories of
two dominant moss species, Ceratodon purpureus and
Bryum pseudotriquetrum, relative to micro-relief
characteristics in the Yukidori Valley near Lan-
ghovde, East Antarctica. The distribution of the same
species relative to differences in soil water was
examined by Lewis Smith (1999) at Edmonson Point
in Wood Bay, East Antarctica. Both of these studies
were undertaken in areas where vegetation was rela-
tively well developed. However, fine-scale examina-
tions of areas with less-developed vegetation are
essential to relate the initial colonization processes to
subsequent plant succession, particularly on adjacent
areas of bare ground.
Okitsu et al. (2004) studied moss vegetation around
Syowa Station in East Antarctica as an example of
relatively poorly developed vegetation. They found
that, unlike other moss species, Pottia heimii and C.
purpureus exhibited mound-oriented, microtopo-
graphic distribution patterns. In plant communities of
this type, the small sizes of the target species (milli-
meter-scale) make accurate measurements of their
distribution (and the factors affecting their distribution)
very difficult. Hence, studies of microtopography,
which is linked to numerous abiotic factors, could be
more valuable that XYZ techniques for explaining the
ecological characteristics of these species.
We compared the microtopographical characteris-
tics of established moss patches with areas of no or
little vegetation around Syowa Station, East Antarctica.
We aimed to evaluate the influence of different topo-
graphic attributes on plant distribution, and to compareTable 1
Location of plots in the study area and estimates of moss coverage.
Plot Location Coord
M Magoke Cape at Skallen S: 69
E: 39
SNW Northwest of Suribati Ike at Skarvsnes S: 69

E: 39
SN North of Suribati Ike at Skarvsnes S: 69

E: 39
Max. diff.: maximum difference in relative altitude between the highest and
Coverage (Max. [Med.]): maximum and median (in square brackets) covera
Bp: Bryum pseudotriquetrum.
Ph: Pottia heimii.our findings with those of other studies undertaken in
the same study area.
2. Material and methods
2.1. Field observations
The study area was situated on the periphery of
Syowa Station (69000S, 39350E) on the Soˆya Coast of
Lu¨tzow-Holm Bay, East Antarctica. There are no
vascular plants in this region and the climax stage of
terrestrial succession is moss vegetation (Kanda et al.,
2002). Mosses are found in small patches scattered on
bare ground beside snowdrift or along streams. The
mean temperature at Syowa Station from February
2004 to January 2005 was 10.1 C and the mean
temperature for the hottest month (December 2004)
was 0.2 C (NIPR, 2005). The mean annual precipi-
tation is less than 200 mm (Bo¨lter et al., 2002).
Three 4  4 m plots were established in ice-free
areas on 26 December 2004 (at Skallen) and on
24e29 January 2005 (at Skarvsnes) during the summer
visit of the 46th Japanese Antarctic Research Expedi-
tion (JARE-46) in 2004e2005. Plots were established
in areas of sandy substratum with extensive covers of
moss (>4  4 m, with a buffer zone) and sparse covers
of moss (including some bare ground). One of the plots
at the Skallen site had a homogeneous substratum
composition and two of the plots at Skarvsnes included
some gravel.
The location, maximum difference in relative alti-
tude (topography), and vegetation type within each plot
are listed in Table 1. Only two moss species, B.
pseudotriquetrum and P. heimii, were observed in the
plots, and cyanobacteria were usually distributed under
and around the moss plants in all plots.
To construct a digital elevation model (DEM), four
hundred 20  20 cm grids were marked in each
4  4 m plot. The topography was then surveyed to theinate Max. diff. (m) Coverage (Max. [Med.])
410 0.582 Bp: 2 [0]
290 Ph: 3 [0.5]
280 0.492 Bp: 2 [0.5]
390 Ph: 2 [0.5]
290 0.373 Bp: 2 [0]
400 Ph: 2 [0]
lowest grids.
ge of each species measured at seven levels (0, 0.5, 1e5).
434 M. Okuda et al. / Polar Science 5 (2011) 432e439nearest millimeter at the centroid of each grid (Fig. 1)
using a terrestrial laser scanner (GPT-7003 TOPCON,
Total Station). The coverage of mosses and cyano-
bacteria, and the condition of the ground within each
grid were also recorded. Coverage (c), as viewed from
above, was classified using seven levels (0, 0.5:
0% < c < 5%; 1: 5%  c < 20%; 2: 20%  c < 40%;
3: 40%  c < 60%; 4: 60%  c < 80%; 5: 80% < c).
After data were collected, moss coverage was re-
categorized as either zero or ‘other’, as greater
coverage was rarely recorded; level 2 coverage and
above was recorded in 1e16 grids in each plot.
To assist determinations of whether grids contained
moss, we used slope and relief topographical attributes
(see Section 2.2). Since the slope of an area has a direct
effect on the flow of water and other materials, it is of
great significance in hydrology and geomorphology
(Gallant and Wilson, 2000). Similarly, relief was used
to examine widely occurring and localized disparities
in moss distribution within the plots. Some of the
attributes were calculated locally from the derivatives
of the topographic surface.Fig. 1. Digital elevation models for each study plot. M, SNW, an2.2. Quantitative analysis
To construct the DEM, the relative altitudes of the
grids adjacent to the target grid were measured in eight
cardinal directions (see Fig. 2). Thus, zNW refers to the
relative altitude of the grid to the northwest of the
target grid.
Three types of slope (SloI, SloII and SloIII) were
calculated using gradients of relative altitude. Slopes
SloI and SloII were defined as follows:ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
dz
dx
2
þ

dz
dy
2s
ð1Þ
where dz/dx and dz/dy are gradients; i.e., changes in
relative altitude per unit distance along the x- and y-
axis, respectively. For SloI, the values of dz/dx and dz/dy
were calculated using the first neighbors of the target
grid (Gallant and Wilson, 2000; Ohta and Hachinohe,
2006):
dz
dx
z
zE zW
2h
;
dz
dy
z
zN  zS
2h
; ð2Þd SN indicate the locations of plots described in Table 1.
Fig. 2. Target grid (center, zT) and neighboring grids in eight cardinal
directions (h: length of one grid, 20 cm). The notation reflects the
geographic location of each grid (e.g., zNW refers to the grid located
northwest of the target grid).
Table 2
Coefficients of GLM after variable selection in each species. Under-
lined values denote the smallest AIC for each species.
Type Model coefficient for Bryum pseudotriquetrum
Slo Rsd (Intercept) Coef. Slo Coef. Rsd Coef. Cur AIC
Ⅰ Ⅰ 0.072 0.234** 0.568*** 0.134 1286.0
Ⅰ Ⅱ 0.175* Rejected 1.374*** 0.366*** 1203.9
Ⅰ Ⅲ 0.158* Rejected 1.391*** 0.370*** 1202.4
Ⅱ Ⅰ 0.082 0.327*** 0.563*** 0.132 1277.5
Ⅱ Ⅱ 0.190** 0.172 1.331*** 0.342*** 1202.3
Ⅱ Ⅲ 0.158* Rejected 1.391*** 0.370*** 1202.4
Ⅲ Ⅰ 0.064 0.162 0.586*** 0.240* 1292.4
Ⅲ Ⅱ 0.175* Rejected 1.374*** 0.366*** 1203.9
Ⅲ Ⅲ 0.151* 0.225 1.475*** 0.272** 1201.0
Type Model coefficient for Pottia heimii
Slo Rsd (Intercept) Coef. Slo Coef. Rsd Coef. Cur AIC
Ⅰ Ⅰ 0.488*** 0.137 0.705*** 0.213** 1231.6
Ⅰ Ⅱ 0.442*** 0.419*** 1.485*** 0.452*** 1138.9
Ⅰ Ⅲ 0.460*** 0.437*** 1.481*** 0.444*** 1144.3
Ⅱ Ⅰ 0.490*** 0.153* 0.708*** 0.215** 1230.7
Ⅱ Ⅱ 0.446*** 0.443*** 1.476*** 0.455*** 1136.5
Ⅱ Ⅲ 0.464*** 0.468*** 1.479*** 0.451*** 1140.9
Ⅲ Ⅰ 0.495*** 0.327*** 0.745*** Rejected 1223.9
Ⅲ Ⅱ 0.452*** 0.769*** 1.606*** Rejected 1119.4
Ⅲ Ⅲ 0.469*** 0.799*** 1.635*** Rejected 1122.4
*p < 0.05, **p < 0.01, ***p < 0.001.
Table 3
Correlation coefficients for different topographical attributes.
SloI SloII SloIII
RsdI 0.358*** 0.355*** 0.534***
RsdII 0.473*** 0.488*** 0.605***
RsdIII 0.486*** 0.505*** 0.614***
SloI SloII SloIII
Cur 0.083* 0.068* 0.666***
RsdI RsdII RsdIII
Cur 0.409*** 0.385*** 0.379***
*p < 0.05, **p < 0.01, ***p < 0.001.
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grid were used. In other words, a value relative to the
Sobel operator (Iwahashi and Kamiya, 1995; Ohta and
Hachinohe, 2006) was used; thus:
dz
dx
z
ðzNE þ zEþ zSEÞ  ðzNW þ zWþ zSWÞ
6h
;
dz
dy
z
ðzNEþ zNþ zNWÞ  ðzSE þ zS þ zSWÞ
6h
:
ð3Þ
Finally, slope SloIII was defined as the steepest downhill
slope among the first and second neighbors (Gallant and
Wilson, 2000):
SloIIIzmax
zT  zi
hfðiÞ ; ði over 8 directionsÞ ð4Þ
where f(i) ¼ 1 for a first neighbor (i ¼ N, E, S, W) and
fðiÞ ¼ ﬃﬃﬃ2p for a second neighbor (i ¼ NE, SE, SW,
NW).
We defined the residuals RsdI, RsdII and RsdIII for
three types of standard surfaces in order to express
a general (plot-scale) value of relief. For this, the
relative altitudes of all the grids in each 4  4 m plot
were used. Each residual Rsdk (k ¼ I, II, III) was
calculated using the difference between the observed
relative altitude Alt(x,y) and the predicted altitude
A^ltkðx; yÞ for each grid (x,y):
Rsdkðx; yÞ ¼ Altðx; yÞ  A^ltkðx; yÞ: ð5Þ
The predicted relative altitude A^ltkðx; yÞ (the standard
surface) was determined using the following regression
model:
A^ltkðx; yÞ ¼ a0 þ a1xþ a2yþ 3k ð6Þ
where A^lt is the predicted relative altitude of the
measuring point, x and y are the coordinates of thecentral point of each grid, a is the estimated parameter,
and 3is the error term (which yielded a value of 0 when
A^ltkðx; yÞ was calculated), as explained below.
The residual RsdI was calculated using standard
surfaces ðA^ltIÞ, estimated using the least-squares
method (corresponding to a part of Okuda et al.,
2007). Residuals RsdII and RsdIII were also calculated
to represent other types of relief on a plane. The
standard surface of RsdII ðA^ltIIÞ was defined by Eq. (6)
to minimize the sum of absolute errors. The standard
surface for the residual RsdIII was calculated using the
following algorithm. Briefly, A^lt obtained by the least-
squares method and the residual were calculated for
each grid, and the absolute maximum and minimum
values of the residual were compared. The smaller
Table 4
Contents of a linear predictor X0iðbþ giÞ in Eq. (9) for each model. The coefficients b are fixed effect, the coefficients u are random effect.
Model Formula
Full random effect model ðb0 þ u0Þ þ ðb1 þ u1ÞSloþ ðb2 þ u2ÞRsd þ ðb3 þ u3ÞCur
Limited random effect model ðb0 þ u0Þ þ b1Sloþ ðb2 þ u2ÞRsd þ b3Cur
Random-intercept model ðb0 þ u0Þ þ b1Sloþ b2Rsd þ b3Cur
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and any data with an absolute residual greater than the
cut-off were removed. The remaining data were then
used to compute a new value of A^lt. The regression for
A^lt was then used to calculate the residual for all data.
This step was repeated until the dataset used in the
regression was the same as in the previous step. Then,
the most recently revised A^lt was defined as ðA^ltIIIÞ,
and RsdIII was calculated using Eq. (5).
Curvature (Cur) was approximated using local relief
values, employing the first neighbors of the target grid.
Then, the value associated with the Laplacian operator
(Iwahashi and Kamiya, 1995) was used:
Curz
4zT  ðzNþ zEþ zSþ zWÞ
4h
: ð7Þ
For all relief attributes, a negative value is representa-
tive of a hollow (i.e., a relatively lower position) and
a positive value is representative of a mound (i.e.,
a relatively elevated position).
The topographical attributes were considered as
explanatory factors of moss distribution. Since moss
distribution was treated as binary data (see Section
2.1), logistic regression was appropriate for the anal-
ysis. Logistic regression yields a specific class of
generalized linear model (GLM) (cf. Faraway, 2006;
Nelder and Wedderburn, 1972), which can be
expressed as follows:
pðXÞ ¼ 1
1þ expð X0bÞÞ; ð8Þ
where b is a vector of the regression coefficients and X
is the standardized value of the attribute (which
includes three attributes, as follows). Here, one of the
slopes (Slo), one general relief value (Rsd), and a local
relief value (Cur) were used as X. Moreover, to examine
plot effects, a generalized linear mixed model (GLMM)
was used:
pðXiÞ ¼ 1
1þ expX0iðbþgiÞ; ð9Þ
where gi is a vector of coefficients for random effects in
each plot i (using three plots). By combining theincorporated random effects, we defined three kinds of
GLMMs to evaluate correlation patterns between the
presence of moss and each attribute, based on differ-
ences in values of gi in Eq. (9). First, we defined mixed
models where the subject-specific effects were added to
all terms of the fixed effects (full random effect models).
Second, we defined mixed models where the subject-
specific effects were added to the attributes with the
strongest correlation tomoss distribution in theGLMand
intercepts (limited random effect models). Finally, we
defined mixed models where the only subject-specific
effects were intercepts (random-intercept models). The
GLMs and GLMMs were constructed using the back-
ward elimination method. For the GLMMs, fixed effect
terms without accompanying random effect terms were
selected as candidates for elimination.
For all of the models, the effects of spatial auto-
correlation were not removed because the results of the
analyses were used to describe the ground shape
(topography) and its influence on moss distribution; by
using only topographical attributes as explanatory
variables in the models, analyses ignoring the effects of
autocorrelation have specific meanings.
The regression for defining the standard surface in the
calculation of RsdII was performed using SYSTAT11
(HULINKS). Other statistical analyses were performed
using theR software package (http://www.r-project.org/).
3. Results and discussion
For the GLMs (Table 2), the coefficients of general
relief (values of Rsd s) were consistently large negative
values. In contrast, the coefficients of slope (values of
Slo s) exhibited a non-uniform pattern for B. pseudo-
triquetrum and were positive values for P. heimii. The
coefficients obtained for local relief (values of Cur)
were all positive, and SloIII was strongly correlated
with Cur (Table 3). SloIII or Cur was often rejected in
the GLM analyses.
Based on the GLM results, mixed models in which
subject-specific effects were accompanied in terms of
Rsd s and intercepts were defined as limited random
effect models (Table 4). In the GLMMs (Table 5),
limited random effect models for B. pseudotriquetrum,
Table 5
GLMM coefficients for each species: (a) full random effect models;
(b) limited random effect models; (c) random-intercept models.
Boldface labels represent fixed terms that accompany the random
effect term. Table 5b and c show models after variable selection on
fixed effect terms without random effect terms. Underlined values
represent the smallest AIC for each species and model. Boldface
values represent the smallest AIC for each combination of the random
effects of attributes.
5-(a)
Type Coefficients for fixed effects in the model for
Bryum pseudotriquetrum
Slo Rsd (Intercept) Coef. Slo Coef. Rsd Coef. Cur AIC
Ⅰ Ⅰ 0.199 0.056 1.020* 0.153 1144
Ⅰ Ⅱ 0.187 0.302* 1.892*** 0.434** 1110
Ⅰ Ⅲ 0.170 0.282* 1.976*** 0.453** 1108
Ⅱ Ⅰ 0.191 0.063 1.014* 0.155 1144
Ⅱ Ⅱ 0.160 0.319* 1.869*** 0.427** 1111
Ⅱ Ⅲ 0.153 0.284* 1.954*** 0.444** 1109
Ⅲ Ⅰ 0.230 0.227 1.106* 0.026 1131
Ⅲ Ⅱ 0.142 0.579* 1.988*** 0.102 1097
Ⅲ Ⅲ 0.136 0.540** 2.077*** 0.147 1097
Type Coefficients for fixed effects in the model for
Pottia heimii
Slo Rsd (Intercept) Coef. Slo Coef. Rsd Coef. Cur AIC
Ⅰ Ⅰ 0.904*** 0.029 0.800* 0.218 1178
Ⅰ Ⅱ 0.575*** 0.389* 1.420*** 0.450*** 1136
Ⅰ Ⅲ 0.580** 0.419** 1.570*** 0.511*** 1127
Ⅱ Ⅰ 0.946*** 0.052 0.773* 0.214* 1180
Ⅱ Ⅱ 0.500** 0.435*** 1.510*** 0.502** 1136
Ⅱ Ⅲ 0.559** 0.482** 1.633*** 0.542** 1126
Ⅲ Ⅰ 0.959*** 0.374 0.908* 0.018 1173
Ⅲ Ⅱ 0.519** 0.708*** 1.594*** 0.079 1127
Ⅲ Ⅲ 0.592*** 0.765*** 1.717*** 0.090 1116
5-(b)
Type Coefficients for fixed effects in the model for Bryum
pseudotriquetrum
Slo Rsd (Intercept) Coef. Slo Coef. Rsd Coef. Cur AIC
Ⅰ Ⅰ 0.005 0.131 1.044*** 0.376*** 1152
Ⅰ Ⅱ 0.228 0.344** 1.902*** 0.482*** 1100
Ⅰ Ⅲ 0.192 0.300** 1.964*** 0.483*** 1096
Ⅱ Ⅰ 0.002 Rejected 0.988*** 0.349*** 1152
Ⅱ Ⅱ 0.227 0.355** 1.890*** 0.472*** 1101
Ⅱ Ⅲ 0.191 0.305** 1.948*** 0.473*** 1098
Ⅲ Ⅰ 0.010 0.292* 1.092*** 0.215* 1149
Ⅲ Ⅱ 0.221 0.748*** 2.005*** Rejected 1090
Ⅲ Ⅲ 0.181 0.714*** 2.059*** Rejected 1088
Type Coefficients for fixed effects in the model for
Pottia heimii
Slo Rsd (Intercept) Coef. Slo Coef. Rsd Coef. Cur AIC
Ⅰ Ⅰ 0.549* Rejected 0.826*** 0.331*** 1201
Ⅰ Ⅱ 0.480* 0.320*** 1.442*** 0.489*** 1126
Ⅰ Ⅲ 0.514* 0.308*** 1.516*** 0.513*** 1119
Ⅱ Ⅰ 0.549* Rejected 0.826*** 0.331*** 1201
Ⅱ Ⅱ 0.481* 0.346*** 1.441*** 0.488*** 1125
Ⅱ Ⅲ 0.518* 0.369*** 1.554*** 0.504*** 1118
Table 5 (continued )
Type Coefficients for fixed effects in the model for
Pottia heimii
Slo Rsd (Intercept) Coef. Slo Coef. Rsd Coef. Cur AIC
Ⅲ Ⅰ 0.553** 0.191 0.883*** 0.242* 1201
Ⅲ Ⅱ 0.489** 0.739*** 1.570*** Rejected 1115
Ⅲ Ⅲ 0.531** 0.761*** 1.673*** Rejected 1108
5-(c)
Type Coefficients for fixed effects in the model for
Bryum pseudotriquetrum
Slo Rsd (Intercept) Coef. Slo Coef. Rsd Coef. Cur AIC
Ⅰ Ⅰ 0.104 Rejected 0.949*** 0.267** 1166
Ⅰ Ⅱ 0.156 0.277** 1.640*** 0.456*** 1104
Ⅰ Ⅲ 0.138 0.249 1.675*** 0.468*** 1101
Ⅱ Ⅰ 0.104 Rejected 0.949*** 0.267** 1166
Ⅱ Ⅱ 0.152 0.265* 1.612*** 0.447*** 1106
Ⅱ Ⅲ 0.135 0.232* 1.646*** 0.459*** 1103
Ⅲ Ⅰ 0.095 0.369*** 1.027*** Rejected 1164
Ⅲ Ⅱ 0.145 0.663*** 1.716*** Rejected 1096
Ⅲ Ⅲ 0.133 0.512*** 1.769*** 0.184 1094
Type Coefficients for fixed effects in the model for
Pottia heimii
Slo Rsd (Intercept) Coef. Slo Coef. Rsd Coef. Cur AIC
Ⅰ Ⅰ 0.502* Rejected 0.653*** 0.205** 1215
Ⅰ Ⅱ 0.461* 0.296** 1.456*** 0.450*** 1126
Ⅰ Ⅲ 0.480 0.281** 1.521*** 0.469*** 1119
Ⅱ Ⅰ 0.502* Rejected 0.653*** 0.205** 1215
Ⅱ Ⅱ 0.464* 0.346*** 1.468*** 0.456*** 1124
Ⅱ Ⅲ 0.484 0.331** 1.531*** 0.474*** 1117
Ⅲ Ⅰ 0.502* Rejected 0.653*** 0.205** 1215
Ⅲ Ⅱ 0.467** 0.691*** 1.571*** Rejected 1115
Ⅲ Ⅲ 0.488* 0.696*** 1.632*** Rejected 1108
*p < 0.05, **p < 0.01, ***p < 0.001.
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optimal with respect to the Akaike Information Criterion
(AIC), except for models using RsdI. When RsdI was
used, full random effect models were optimal. Generally,
models with SloIII and RsdIII were optimal. The addition
of random effects into the models resulted in the same
coefficients for each fixed effect term for each species. In
these cases, the terms for general relief (the Rsd terms)
had negative coefficients, whereas the terms for slope
and local relief (the Slo and Cur terms, respectively) had
positive coefficients. In addition, models using RsdI had
smaller absolute coefficients for fixed effects (in terms of
Rsd) than models using RsdII or RsdIII.
General relief played a critical role in explaining the
distribution of both moss species. As shown in Fig. 3b,
general relief corresponded closely to the gradient of
the study area, and this could be related to the standard
surface and moss location. In fact, concavities in the
general relief were strongly correlated to moss
Fig. 3. Schematic of hypothetical conditions affecting the estab-
lishment of moss patches on a sandy substrate during (a) early
summer and (b) other seasons (the width of the diagram is equivalent
to one length of a plot, 4 m).
438 M. Okuda et al. / Polar Science 5 (2011) 432e439establishment. Conversely, within such concavities,
steeper slopes and convex areas in the local relief
showed a weak correlation with moss establishment
(Table 5). Such a situation corresponds to a wall in
a hollow (e.g., the site colonized by the left-most patch
of moss in Fig. 3). Hollow walls would act in a similar
way to a riverbank if runoff were to enter the hollow
due to snowmelt. This kind of morphology often
occurs in areas that experience persistent infiltration
(i.e., hyporheric zones) without runoff (see the sche-
matic diagram of a dry valley stream in Howard-
Williams and Hawes, 2007). The results of the
GLMM also suggest that vegetation was more common
above hollows than below. A temporary pool of water
(e.g., Fig. 3a) would also generally favor the estab-
lishment of moss along the water’s edge in a hollow.
Moss was occasionally observed on the sides of
mounds, while growth in convex areas of local relief
could be explained by the presence of cyanobacteria,
or by the thickness of mosses below the vegetation.
The GLMs and GLMMs revealed that the standard
surface of the robust regression method (RsdII andRsdIII) was more strongly correlated to topography and
the presence of moss than was the least-square method
(Tables 2 and 5). These findings imply that using
a sensitive regression method is not effective for
assigning a standard surface to general relief when
examining the establishment of moss. In the present
study, topography (which affects moss distribution) is
composed of an inclined plane (corresponding to the
standard surface of Fig. 3b) and relief along that plane.
Regarding individual species, when subject-specific
effects (corresponding to random effects in Eq. (9))
were considered, the strength of the correlation between
general relief and the establishment of B. pseudotrique-
trum was stronger than it was for P. heimii (Table 5).
Okitsu et al. (2004) reported that B. pseudotriquetrum
tended to occur more often in hollows than P. heimii,
which corroborates the findings of the present study. In
addition, the influence of subject-specific effects was
clearly shown for general relief (Tables 2 and 5); for B.
pseudotriquetrum, adding a subject-specific effect
changed the characteristics of the coefficients in the
models, indicating that the general relief of each plot
affected the distribution ofmoss tovarying degrees. ForP.
heimii, therewas noclear change in themodel coefficients
when a subject-specific effectwas added. For this species,
it was commonly observed that topographical attributes
affected the coefficients of the model.
This study has shown the effects of micro-
topography on moss colonization patterns in East
Antarctica, and demonstrated that topographical attri-
butes can be used to reconstruct a simplified topog-
raphy under moss patches. As vegetation cover in the
study area is very sparse, the observations made here
could be applied to better understand plant coloniza-
tion in harsh environments.
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